Increased blood pressure (BP) variability in essential hypertension (EH) is attributed in part to a reduction in baroreflex sensitivity. We previously showed that baroreflex sensitivity is not reduced in hypertension associated with primary aldosteronism (PA) compared with normotensive (NT) subjects. This study examined whether the preservation of baroreflex function in patients with PA would prevent an increase in BP variability. The beat-to-beat BP (measured with Finapres) and RR interval (from electrocardiograms) were monitored for 10 min in the supine and standing positions in 34 patients with PA, 60 patients with EH, and 45 NT subjects. Recordings were also performed during mild ergometer exercise in 7 PA patients, 8 EH patients, and 9 NT subjects. Blood pressure variability was assessed by both standard deviation (SD) and coefficient of variation (CV). Baroreflex sensitivity (BRS) was assessed by the closed-loop gain between systolic BP and RR interval variability. The SD and the CV of systolic BP (SBP) and the CV of diastolic (DBP) BP were significantly smaller in patients with PA than in patients with EH in both supine and standing positions. The SD of SBP and DBP were similar in patients with PA and NT subjects, although the CV were significantly smaller in patients with PA. The BRS was inversely correlated with both the SD and CV for SBP in the supine (r ‫؍‬ ‫؍‬ ؊ ؊0.397 and ؊ ؊0.440, P < < .05, respectively) and standing (r ‫؍‬ ‫؍‬ ؊ ؊0.457 and ؊ ؊0.412, P < < .05, respectively) positions in patients with PA. Exercise reduced the BRS in all groups (70%, 26%, and 64% for PA, EH, and NT, respectively, P < < .01). Blood pressure variability did not change significantly during exercise, compared with rest, in the PA and NT groups but was decreased (P < < .05) in the patients with EH. In conclusion, primary aldosteronism is characterized by decreased supine and standing BP variability, which is due in part to the preservation of baroreflex function. Our data further showed that BP variability is minimized by nonbaroreflex mechanisms during mild exercise. Am J Hypertens 1998;11:828 -838
B
lood pressure (BP) variability has been suggested to be an independent risk factor for hypertension-related target organ damage. 1 The baroreflex is an important buffering mechanism that lessens BP variability. Patients with essential hypertension (EH) exhibit reduced baroreflex sensitivity, 2, 3 which increases BP variability and may contribute to the progression of organ damage. 4 We recently found that baroreflex sensitivity is not reduced in hypertensive patients with primary aldosteronism (PA) compared with normotensive (NT) individuals, 5 suggesting that BP variability may not be increased in patients with PA.
We investigated whether the preservation of baroreflex function prevents an increase in BP variability in patients with PA. We compared the degree of BP variability to the level of baroreflex sensitivity in PA patients as well as in NT subjects or patients with EH.
The relationship between BP variability and baroreflex sensitivity may change with increased physical activity. 6 Therefore, we conducted this study with patients in either supine or standing positions as well as with patients performing mild exercise.
METHODS

Subjects
We studied 34 patients with PA, 60 patients with EH, and 45 NT subjects. Thirty-one of the PA patients were diagnosed as having aldosterone-producing adrenal adenoma (29 unilateral and 2 bilateral) and 3 were diagnosed with idiopathic hyperaldosteronism. The diagnosis of PA was based on the demonstration of increased production of aldosterone, suppressed plasma renin activity, and evidence of unilateral or bilateral adrenal adenoma by computed tomography, magnetic resonance imaging, and adrenal scintillation scanning with and without dexamethasone treatment. Adrenal venography and simultaneous assay of adrenal venous plasma aldosterone concentrations were performed to confirm the existence of an aldosterone-producing adenoma in certain patients. Hyperaldosteronism with no adenoma but with bilateral adrenal hyperplasia was considered as idiopathic hyperaldosteronism. 7 The presence of an adrenal adenoma was confirmed by histologic examination in 30 out of the 31 patients with aldosteroneproducing adrenal adenomas. One patient with right adrenal adenoma refused surgical treatment. There were no statistical differences in age and sex among the three groups (Table 1 ). All hypertensive patients were hospitalized and were placed on a diet containing approximately 10 g sodium chloride/day. They received a routine laboratory evaluation as well as an assessment of organ damage during the diagnostic procedure. Plasma renin activity was determined with a modification of Haber's method. 8 The plasma aldosterone concentration was measured by commercial radioimmunoassay kits. 8 The plasma norepinephrine concentration was measured by a sensitive fluorometric method. 9 Normotensive control subjects were not admitted to a hospital and no special dietary regimen was given to them.
Data Recording and Analysis
The study protocol was approved by the Ethics Committee of the Tohoku University School of Medicine. All subjects provided informed consent prior to participation in the study. All hypertensive patients were advised to discontinue their cardiovascular medications at least 1 week prior to the study. All subjects were instructed to avoid cigarettes and beverages containing caffeine on the day of the experiment. The experiments were performed between 2:00 pm and 5:00 pm at least 2 h after a light lunch.
Each subject was placed supine on a bed. The electrocardiogram (ECG) was monitored using a standard lead II. Blood pressure was monitored on the right middle finger with a digital photoplethysmographic device (Finapres 2300, Ohmeda, Englewood, CO). Casual BP was measured twice on the left arm using a mercury sphygmomanometer after 5 min of rest. The arithmetic mean of the two measurements was calculated. The procedure for finger BP recording and analysis has been described elsewhere. 5, 10 After hemodynamic stabilization, the analog ECG and BP signals were fed into a signal processor (7T-18; NEC San-ei, Tokyo, Japan) with an R wave detector accurate to within 1 msec. The systolic (SBP) and diastolic (DBP) BP were measured at each R wave. The RR interval was calculated during this period, digitized, and stored on a floppy disk. Data were collected for 10 min 11 The subjects were then moved to the standing position and after waiting 5 min for hemodynamic equilibration, the data were recorded for another 10 min.
In 7 PA patients (39 Ϯ 8 years), 9 EH patients carefully matched for age (37 Ϯ 9 years), sex, and BP, and in 8 NT subjects (40 Ϯ 5 years), the BP and RR interval were monitored during supine ergometer exercise. The intensity of exercise was fixed at 30 W, allowing each subject to perform steady exercise for 8 to 10 min.
Off-line analysis was later performed on a personal computer (PC 9801-RX, NEC, Tokyo, Japan). The trendgrams of the RR interval, SBP, and DBP, derived from 8 to 10 min of data in the supine and standing positions and during exercise, were inspected visually on the computer display. A 256 sec segment without movement artifacts or premature ventricular contractions was selected for the final analysis. Because both BP and RR interval reached a plateau 60 to 90 sec after the start of exercise in all subjects, we used 256 sec of stationary data for analysis taken from between 90 to 346 sec after the start of exercise. Overall variability of SBP, DBP, and the RR interval was expressed in absolute terms, as the within-subject standard deviation (SD), and in relative terms, as the within-subject coefficient of variation (CV). To further clarify the autonomic and nonautonomic contributions to cardiovascular regulations, we examined the frequency components of the cardiovascular variability using spectral analysis. 12 We calculated the low-, mid-, and high-frequency (0.02 to 0.06, 0.07 to 0.14, and 0.15 to 0.40 Hz, respectively) absolute powers for each parameter using the CARSPAN computer program. 13 The variance of RR interval is known to depend largely on the mean RR interval.
14 Thus the power spectra for RR interval variability was expressed also by a modulation index. 13 Namely, the power spectrum of RR interval was normalized so that the integral of the spectral density function is equal to the variance of RR interval divided by the square of the mean RR interval. To examine the baroreceptor-heart rate reflex, a transfer function analysis between systolic blood pressure and the RR interval variabilities was performed. 15, 16 According to previous reports, we calculated the gain of the transfer function in the midfrequency (BRSmid) and in the high-frequency (BRShigh) ranges for those frequency points with a coherence Ͼ0.5 as indicators of baroreflex function. 5, 10 In a preliminary study, we compared data obtained at 5 to 10 min intervals in 161 normal and diseased subjects to assess the short-term reproducibility of estimates of BP, RR interval variability, and baroreflex sensitivity. The correlation coefficients were 0.660, 0.541, and 0.725 for the SD of SBP, DBP, and the RR interval, respectively; 0.612, 0.737, and 0.750 for the low-, mid-, and high-frequency power spectra, respectively, for SBP; 0.440, 0.666, and 0.714 for the low-, mid-, and high-frequency power spectra, respectively, for DBP; 0.669, 0.714, and 0.852 for the low-, mid-, and high-frequency power spectra, respectively, for the RR interval. Correlation coefficients for the BRSmid and BRShigh were 0.727 and 0.796, respectively. Thus, the short-term reproducibility of measurements was fairly good. Moreover, recent studies have shown a good long-term reproducibility of frequency domain index of spontaneous baroreflex sensitivity 17 as well as time and frequency domain indices of finger BP variability derived from 10 to 15 min recordings in hypertensive humans.
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Statistical Analysis Data are expressed as mean Ϯ SD. Comparisons of data sets among groups was performed by an analysis of variance with a post-hoc test and a Kruskal-Wallis test with a two-sample Wilcoxon test for the post-hoc comparisons. Within-group comparisons were done employing the paired t test or by one-sample Wilcoxon test. The relationship between baroreflex sensitivity and other parameters was examined using Person's linear correlation model. All statistical analyses were performed with a commercially available statistical package (SYSTAT ver. 5.2, Evanston, IL). A level of P Ͻ .05 was accepted as statistically significant.
RESULTS
Casual BP tended to be higher and a duration of hypertension tended to be longer in patients with PA than in patients with EH (Table 1) . These changes, however, did not reach a statistically significant level. Casual BP were lower in the NT group than in both hypertensive groups (P Ͻ .001 for both SBP and DBP). Plasma renin activity was lower in the PA group than in the EH group (P Ͻ .001) and the aldosterone concentration was higher in the PA group than in the EH group (P Ͻ .001). Plasma norepinephrine concentration was lower in the PA group than in the EH group (P Ͻ .01). Fundoscopic changes, cardiothoracic ratio, and creatinine clearance were similar between the two hypertensive groups. Table 2 shows the finger BP measurements and RR interval in the three groups. Both the SBP and DBP were similar between the PA and EH groups regardless of body position. The supine RR interval was longer in the PA patients than in the EH patients (P Ͻ .001), but did not differ between the PA and NT groups. The DBP increased and the RR interval short-ened with standing in all groups. The RR interval remained the longest in the PA group while standing (P Ͻ .05).
Both the SD and the CV for the SBP, as well as the CV for the DBP were smaller in the PA group compared with the EH group in either the supine or standing position (Table 3) . Although not statistically significant, the SD of the DBP value was also smaller in the PA patients relative to the EH patients in either position. The CV of both the SBP and the DBP measurements were smaller in the PA patients than in the NT subjects, either in the supine (P Ͻ .005 and P Ͻ .001) or standing (P Ͻ .001) positions although the SD values did not differ. The RR interval variability, both in absolute or relative terms, did not differ significantly among groups.
Compared to the EH group, the midfrequency power spectrum of both the SBP and DBP was smaller in the PA group in the supine (P Ͻ .05 and P Ͻ .005, respectively) and standing (P Ͻ .05 for both) positions (Figure 1 ). The supine low-frequency SBP power was also smaller in the PA group relative to the EH group (P Ͻ .05). The power spectra of BP did not differ significantly between the PA and NT groups. The supine high-frequency power spectrum of the RR interval was greater in the PA or NT groups than in the EH group (P Ͻ .005 and P Ͻ .001, respectively) and did not differ significantly between the NT and PA groups. The normalized value of the supine highfrequency power of the RR interval was greater in the PA group (496 Ϯ 66 modulation index 2 ϫ 10 6 /Hz [MI]) than in the EH group (271 Ϯ 38 MI) (P Ͻ .05), but lower in the PA group than in the NT (694 Ϯ 97 MI) group (P Ͻ .05).
Mid-and high-frequency baroreflex sensitivity (BRSmid and BRShigh, respectively) at rest was greater in patients with PA than in those with EH (8.2 Ϯ 5.1 v 4.9 Ϯ 2.1 msec/mm Hg, P Ͻ .05 for midfrequency; 15.2 Ϯ 9.1 v 9.1 Ϯ 4.7 msec/mm Hg, P Ͻ .05 for high frequency), but did not differ between PA patients and NT subjects (7.0 Ϯ 4.5 msec/mm Hg for midfrequency and 17.6 Ϯ 9.1 msec/mm Hg for high frequency). High-frequency baroreflex sensitivity in the upright position was greater in patients with PA than in those with EH (7.5 Ϯ 5.2 v 4.5 Ϯ 3.2 msec/mm Hg, P Ͻ .05), but did not differ between PA patients and NT subjects (5.5 Ϯ 3.0 msec/mm Hg). Midfrequency baroreflex sensitivity in the upright position did not differ between PA patients (4.3 Ϯ 1.8 msec/mm Hg) and NT subjects (4.9 Ϯ 2.0 msec/mm Hg) or EH patients (3.5 Ϯ 1.6 msec/mm Hg). The BRSmid of the PA patients was inversely correlated with both the supine SD and CV values (r ϭ Ϫ0.397 and r ϭ Ϫ0.440, P Ͻ .05) for the SBP and the standing SD and CV values (r ϭ Ϫ0.457 and r ϭ Ϫ0.412, P Ͻ .05) as well ( Table 4 ). The BRSmid was also inversely correlated with the standing SD for SBP (r ϭ Ϫ0.345, P Ͻ .05) in NT subjects. The relationship between BRSmid and SBP variability among EH patients was weaker than in the other two groups. The DBP variability was not significantly correlated with the BRSmid in any group. The BRShigh also failed to show a significant correlation with BP variability in any group. Both BRSmid and BRShigh values demonstrated moderate to high positive correlations with the RR interval variability in all supine measurements.
Systolic BP increased during exercise in all groups (P Ͻ .005, P Ͻ .001, and P Ͻ .05 for PA, EH, and NT, respectively) ( Table 5 ). Diastolic BP tended to increase in all groups but the increase was significant only in the EH group. Both BRSmid and BRShigh were significantly reduced during exercise compared with rest in all groups (P Ͻ .01). Both the SD and CV of SBP decreased significantly during exercise in the EH group and tended to decrease in the PA group. The SD of SBP and DBP tended to increase during exercise in the NT group. The CV value of BP showed no change during exercise in the NT group. The RR interval was shortened during exercise in all groups. The variability was reduced in the PA and NT groups. Both low-and midfrequency power spectra of SBP were decreased in exercising EH patients (P Ͻ .05) (Figure 2 ). The low-frequency power spectrum of SBP was decreased also in exercising PA patients (P Ͻ .05). The low-frequency power spectrum of DBP was decreased during exercise in both EH and PA groups (P Ͻ .05 for both). In contrast to hypertensive groups, no significant changes in BP powers were observed in exercising NT subjects. The RR interval power spectrum was reduced at all frequency bands for PA patients and NT subjects during exercise (P Ͻ .05 for all). In contrast, no significant changes in the RR interval power spectrum were observed in the EH patients.
When we examined the exercise-related changes in RR interval power by the normalized unit, the results were substantially similar to those obtained from the assessment of absolute values for all groups.
DISCUSSION
Systolic BP variability was uniformly less in PA patients than in EH patients in the supine and standing positions. The SD of the SBP measurements was similar in the PA and NT groups although the mean SBP was about 45 mm Hg higher in the PA group. The BRSmid for PA patients was inversely correlated with the SD and CV of SBP in the supine and standing positions, suggesting that depressed BP variability was mediated in part by a baroreflex mechanism. The BRSmid was negatively correlated with SBP variability in NT subjects as well as in both hypertensive groups suggesting that baroreflex function is involved in maintaining cardiovascular homeostasis and reducing BP variability, regardless of the presence or absence of hypertension.
Parameters of BP variability in PA were only weakly correlated with baroreflex sensitivity, suggesting that decreased BP variability was not due solely to baroreflex function. Spectral analysis has shown that the decreased supine and standing BP variability was associated with a reduction in the low-to midfrequency power spectrum and a reduction in the midfrequency power spectrum, respectively. Previous studies showed that mid-and low-frequency BP powers are suppressed by the blockade of ␣-adrenergic receptor 19 and angiotensin converting enzyme, 20 respectively. This means that the mid-and low-frequency BP powers are mediated at least in part by the sympathetic nervous system and the renin-angiotensin system, respectively. Therefore, decreased BP vari- ability seen in PA patients may be attributed also to suppression of the renin-angiotensin system and reduced sympathetic nervous activity, which is well supported by our hormonal examinations. Our data are consistent with a previous report demonstrating that muscle sympathetic nerve activity is reduced more in patients with PA than in patients with EH. 21 Respiratory activity could alter BP and RR interval variability through the modulation of baroreflex sensitivity. 11 We cannot exclude a possible influence of altered respiratory activity on the different BP variability pattern seen in the three groups because we did not monitor the respiratory pattern.
In contrast with previous reports, 22 ,23 mild ergometer exercise failed to increase BP variability either in hypertensive or normotensive groups. The SD of systolic BP variability was decreased significantly during exercise in the EH group and was insignificantly decreased in the PA group, whereas this parameter tended to increase in NT group. The baroreflex sensitivity was significantly reduced during exercise in all groups (Ϫ26%, Ϫ70%, and Ϫ64% for EH, PA, and NT groups, respectively) suggesting that BP variability was minimized via nonbaroreflex mechanisms in spite of hypertension. Spectral analysis showed that the exercise-related decrease in SD of SBP seen in EH was associated with the reduction in the low-to midfrequency power spectra.
The mechanisms governing the reduction in lowand midfrequency BP power spectra during exercise are difficult to explain. One possible explanation is that those power spectra partly originate from a vagal modulation of the sinus node. 24 This explanation is impossible because, during exercise, the low-and midfrequency power spectra for the RR interval were suppressed to a greater extent in the NT or PA groups than in the EH group. A second possibility is that a partial deactivation of the sympathetic nervous system during exercise may be involved. Systemic sympathetic nervous activity as assessed by plasma norepinephrine level should increase during exercise, 25, 26 but this increase does not necessarily indicate the activation of all sympathetic nervous branches of the body. Ray et al have shown that muscle sympathetic nerve activity is decreased in the contralateral resting leg during knee extension tests in the other leg in healthy volunteers. 27 They showed that the activation of cardiopulmonary reflex was responsible for the inhibition of this muscle sympathetic activity. It has been shown that the reflex sympathoinhibitory influ- ence of cardiopulmonary reflex is increased in patients with mild hypertension compared with normotensives especially in the supine position. 28 Taken together, it can be speculated that augmented reflex inhibition of the sympathetic neural outflow to an inactive arm due to an activation of cardiopulmonary reflex could suppress the mid-to low-frequency power spectra of BP in exercising EH patients. Because preexercise level of the mid-to low-frequency powers of BP were already low in NT subjects, exercise-related reflex sympathoinhibition might not be reflected in the changes in the BP power spectra.
Our data do not exclude the possibility that BP variability may increase during more severe exercise. During high intensity exercise there is an increase in the instability and nonlinearity of the cardiovascular signals. Motion artifacts also increase in magnitude. 29 These difficulties complicate any subsequent spectral analysis. To obviate this problem, we set the exercise intensity at 30 W so that all subjects could perform 8 to 10 min of steady exercise.
Sleep slows the respiratory rate and increases the depth of respiratory movement and may modulate BP and RR interval variability. 30 We monitored the subjects' state so that the data would not be disturbed by drastic changes in the respiratory movement due to unexpected sleep. Therefore, the short-term reproducibility of the data were fairly good. We did not control the subjects' respiratory rate because paced breathing could alter their inherent BP variability pattern. Furthermore, recent studies have shown that long-term reproducibility of BP and RR interval variability, and baroreflex sensitivity assessed by the spectral analysis was better under spontaneous breathing than under paced breathing, 17, 18 supporting the selection of spontaneous breathing rather than paced breathing as a better choice for the evaluation of BP and RR interval variability.
Siche et al have shown that spontaneous resting beat-to-beat finger arterial BP variability is positively correlated with noninvasive 24-h ambulatory BP variability as determined by recording every 15 min, 31 which has been suggested to be an independent risk factor for future cardiovascular events. 32 Ramirez et al have shown that 1-h resting finger systolic BP variability was well correlated with left ventricular mass index (r ϭ 0.61) in 142 subjects, including 50 NT individuals and 92 uncomplicated EH patients. 33 The present findings suggest that potentially dangerous BP changes may be moderated in patients with PA, despite the presence of hypertension.
There is increasing evidence, however, that is not consistent with the present results. Rossi et al have shown that PA is associated with both increased left ventricular mass and significant changes in left ventricular diastolic filling compared with EH. 34 Similar results were reported by other groups. 35, 36 Takeda et al surveyed vascular complications of 224 patients with PA in Japan. 37 They found that the incidence of cerebral hemorrhage was significantly higher in patients with PA compared with EH. In this study, precise evaluation of organ damage was difficult because we did not perform echocardiography. However, fundoscopic change, cardiothoracic ratio, and creatinine clearance were similar between patients with PA and those with EH indicating a similar degree of organ damage. Taken together, total cardiovascular risk is never decreased in PA compared with EH although the BP variability is suppressed more in the former. Presumably beneficial cardiovascular effects of decreased BP variability are overcome by potent harmful effects of excess aldosterone on the heart and blood vessel. 38 -40 We must bear in mind that a reduction in BP variability does not necessarily mean a similar degree of reduction in total cardiovascular risk in a comparison of different pathologic conditions.
In conclusion, we first examined the nature of BP variability and its relation to baroreflex sensitivity in patients with PA. Primary aldosteronism was characterized by decreased supine and standing BP variability, which was attributed in part to a baroreflex mechanism. We further showed that BP variability during supine mild ergometer exercise was minimized by nonbaroreflex mechanisms.
